A component of high-affinity histidine transport in Salmonella typhimurium has been identified. It is a basic (pI about 9.0) Among the active transport systems that are known to function in Salmonella typhimurium and in Escherichia coli, many employ periplasmic proteins as essential components of the transport mechanism (shock-sensitive transport systems; reviewed in ref. 1). Several of these systems have been analyzed, and whenever extensive genetic analysis has been employed (e.g., in the case of histidine, ,3-methyl galactoside, leucine, and maltose), it has been shown that at least one other component is required for transport besides the respective periplasmic binding protein. We have done extensive analysis on the high-affinity histidine transport system in S. typhimurium, attempting to understand the transport process by identifying and characterizing all the components involved at the genetic, biochemical, and physiological levels. Two components have been clearly identified as essential in high-affinity histidine transport (2): the periplasmic histidine-binding protein (the J protein, coded for by the hisJ gene) and the P protein (coded for by the hisP gene). The hisj and the hisP genes are closely linked and, together with a regulatory site, dhuA (apparently a promoter/operator site), constitute an operon (3), which is located at unit 49 on the new Salmonella map (4). The histidine-binding J protein has been purified and characterized (2, 5). We previously presented evidence (6, 7) that the histidinebinding J protein has two sites necessary for its function in transport: one site is responsible for binding histidine and the other site apparently is involved in an interaction with the second transport component, the P protein.
Among the active transport systems that are known to function in Salmonella typhimurium and in Escherichia coli, many employ periplasmic proteins as essential components of the transport mechanism (shock-sensitive transport systems; reviewed in ref. 1) . Several of these systems have been analyzed, and whenever extensive genetic analysis has been employed (e.g., in the case of histidine, ,3-methyl galactoside, leucine, and maltose), it has been shown that at least one other component is required for transport besides the respective periplasmic binding protein. We have done extensive analysis on the high-affinity histidine transport system in S. typhimurium, attempting to understand the transport process by identifying and characterizing all the components involved at the genetic, biochemical, and physiological levels. Two components have been clearly identified as essential in high-affinity histidine transport (2) : the periplasmic histidine-binding protein (the J protein, coded for by the hisJ gene) and the P protein (coded for by the hisP gene). The hisj and the hisP genes are closely linked and, together with a regulatory site, dhuA (apparently a promoter/operator site), constitute an operon (3), which is located at unit 49 on the new Salmonella map (4) . The histidine-binding J protein has been purified and characterized (2, 5) . We previously presented evidence (6, 7) that the histidinebinding J protein has two sites necessary for its function in transport: one site is responsible for binding histidine and the other site apparently is involved in an interaction with the second transport component, the P protein.
The implication that the J and the P proteins interact with each other is particularly interesting because the P protein is essential also for transport of other substrates such as arginine (when used as a nitrogen source) and histidinol (8 However, although periplasmic proteins, including the histidine-binding protein J, have been amply studied biochemically in the past, the other nonperiplasmic components have not been identified biochemically in any shock-sensitive transport system. These additional components turned out to be unusually elusive, escaping identification with various methods.t Thus, it has not yet been possible to understand the molecular mechanism at work in these systems. We now present data concerning the identification of the histidine transport P protein by two-dimensional polyacrylamide gel electrophoresis. We also present evidence that the hisP gene actually is two genes: the hsP gene proper and the hisQ gene, the latter coding for one more, as yet unidentified, histidine transport component.
MATERIALS AND METHODS
Basic two-dimensional polyacrylamide gel electrophoresis has been described (11) . Samples were prepared by labeling 0.2 ml of a culture in minimal medium (2.4 X 108 bacteria per ml) with [3H]leucine or [14C]leucine (10 to 40 ,uCi, at a final leucine concentration of 10,M) for 30-W50 min. Cultures were then spun for 15 min at 24,000 X g, and the cells were resuspended in 0.1 ml of lysis buffer (solution A in ref. 12 ) and then frozen and thawed 5-8 times. Twenty-five microliters, containing 1-4 X 106 cpm, was applied to each isoelectric focusing gel. We introduced a modification for running multiple samples on the second dimension at one time (Figs. 3 and 4) . After isoelectric focusing in the first dimension, the basic end of the cylindrical gel (11.5 cm long) is labeled by dipping it in 0.1% bromphenol blue before extrusion from the glass tube. A portion of each gel is excised: from 3.3 cm to 6.3 cm from the basic end. Four such fragments can be lined up on a second dimension slab. The gels were prepared for fluorography (13) and their radioactivity quantitated as described (14) . All fluorograms are pictured with the basic end on the left. All strains used are derivatives of S. typhimurium LT2 and carry the dhuAl mutation (which is a
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2 and 3) and a deletion in the histidine biosynthetic operon, hisFA645, unless specified otherwise. TA271 (hisFA645 dhuAl) is the parent of all transport mutants used.
RESULTS
A Protein Coded for by the hisP Gene. In extensive unpublished results using two-dimensional polyacrylamide gel electrophoresis, both according to O'Farrell (12) and to our procedure for membranes (15) , we were unable to find a difference between wild-type and various hisP mutants in experiments involving either whole cells or just the membrane fraction. The possibility arose that the P protein was basic, thus escaping resolution by regular two-dimensional electrophoresis. A method designed to improve resolution of basic proteins (11) was therefore applied to parent and mutant cells. Fig. 1 shows that several proteins not normally seen in the regular gels are visible at the basic end. A reproducible difference (P arrow in Fig. 1 ) is obvious among the basic proteins when a hIsP deletion mutant (TA1008 carrying hsPA5503) is compared to the parent strain (TA271). The identification of this'spot as the P protein rests upon an analysis of 41 mutants that map in the hisP gene. The results summarized in Fig. 2 (obtained as in Fig. 3) show that the htsP gene is composed of two genes. In fact, most of the mutants that do not produce the basic spot (designated as the P protein or P spot) map in regions IX-XIII of the hisP gene (as previously defined;'ref. 3) , whereas most mutants in regions I-VIII produce the P protein (at various levels). Among the latter ones are also deletion mutants (hisA6711, hisA6713).
Thus, it appears that what has been described in the past (3) (20) . This is demonstrated by their resistance to the histidine analogue a-hydrazinoimidazole propionic acid (3) and by their inability to grow on D-histidine (2, 3) . Consistent (21) . DISCUSSION The data presented clearly identify a new component of the high-affinity histidine transport system, the membrane-bound P protein. We show that a basic protein, of molecular weight of approximately 24,000, is coded for by regions IX-XIII of the hisP gene as it had been previously defined (3) . We also show that this protein is located in the membrane fraction. We now define regions IX-XIII as the hisP gene proper; the rest of the gene (regionsI-VII) is now called hisQ and codes for a separate polypeptide, the Q protein, which must also be a component essential for histidine transport. This latter conclusion is derived from the observation that mutations in either hisP or hisQ, or deletions through both, have the same phenotype (i.e., complete loss of transport by the high-affinity histidine permease). Therefore, the Q and the P components are probably functioning in sequence (or interacting with each other, as discussed below) rather than in parallel. If they functioned in parallel, it should be possible to detect residual activity due to one component's remaining intact when the mutation has affected the other.
Both hisP and hisQ carry mutations that indicate that they code for proteins. Cold-sensitive mutations have been found in both cistrons and a known amber mutation maps in hisQ. The evidence that the protein detected by two-dimensional efectrophoresis is truly the product of the hisP gene, rather than being a protein coded for by an entirely different gene but modified by the hisP gene product, rests upon the analysis of numerous mutants (Fig. 2) . In all cases, when the protein is absent the mutation either maps in the hisP gene (presumably nonsense mutations), or it is a deletion through the regulatory site dhuA, or it maps in hisQ but is strongly polar (i.e., TnlO transposon insertion). Finally, two hisP mutants produce P proteins with altered isoelectric points but identical molecular weight. Even though we have not shown that the proteins with altered mobility are chemically related to the P spot, the genetic evidence is strong enough to render any other possibility extremely unlikely.
In agreement with what is known about the regulation of histidine transport, the P protein is elevated in strains carrying the promoter-up mutation dhuAl and in mutants with altered nitrogen regulation; both these types of mutations elevate the level of the J protein and of histidine transport.
The finding that the hisP gene, as previously characterized, codes for two separate proteins (thus giving a total of three proteins involved in the high-affinity histidine transport system) is not inconsistent with what we know about that gene, though it was at first surprising and possibly responsible for earlier failures in identifying a hisP gene product. In fact, we should have been able to demonstrate intergenic complementation between mutations mapping in the two separate cistrons, hisP and hisQ, but were unable to do so (3, 22) . However, "intragenic" (as we believed at the time) complementation was readily detected. This discrepancy could be explained if the P and the Q components were interacting with each other; then a complementation test might give a negative result because the defective component could compete with the wild-type component, therefore interfering with the formation of the complex between the two wild-type products.
For an understanding of active transport, it is clearly essential to identify, purify, and characterize all components involved. However, apart from the periplasmic binding proteins, only a handful of other bacterial proteins have been identified as being directly implicated in transport, and all are part of shock-resistant transport systems: the M protein from E. coli (23, 24 ; product of the lacY gene of f3-galactoside transport), the alanine carrier from a thermophilic bacterium (25) , and two proteins involved in succinate transport from E. col (10)t. It is very likely that the molecular mechanism of transport of shock-sensitive systems is-different from that of shock-resistant ones, and we feel that a biochemical characterization of the P and the Q proteins will be extremely useful.
Speculations on the detailed mode of action of the P protein are premature. We hypothesized in the past that it would interact with the periplasmic histidine-binding protein J (6) and we later provided strong evidence supporting that hypothesis (7) . Such an interaction could fit with a pore-type model such as that proposed by Singer (26) . This model requires that the pore be formed by a protein that does not have affinity for a specific substrate. Our data (refs. 2,7, and 21 and unpublished data) show that the P protein has multiple functions because it also serves in the transport of compounds other than L-histidine, such as D-histidine, L-arginine, L-lysine, L-ornithine, imidazole pyruvic acid, a-hydrazinoimidazole propionic acid, histidinol, and O-diazoacetylserine (5, 21, 22) . Because of the disparate molecular structures of these substrates, it is possible Proc. Natl. Acad. Sci. USA 75 (1978) 5451 that the membrane-bound transport component(s) does not have affinity for the substrates but acts by creating unspecific pores, in which case the specificity would be dictated by the periplasmic component (26) . In our system the multiple affinity might be satisfied by several periplasmic components; the two known ones are the J protein and a protein binding lysine, arginine, and ornithine (LAO protein). Several other histidinebinding proteins are known to exist (22) ; they might also interact with the P protein, thus adding to the breadth of specificity of this system. On the other hand, binding of the substrate by the membrane-bound component(s) might occur, if the latter had a very loose specificity. In support of this is the fact that the substrates utilized by this system all bind to the J protein, even though with more than a 104-fold spread in affinity (22) . Hopefully, an in vitro study of the P protein will clarify this particular point. In the case of shock-resistant systems, the two succinate transport proteins bind the transported substrate (10) , whereas the M protein binds only class II substrates (27) . No such evidence is available for the alanine carrier.
It is interesting to speculate on the significance of the difference in abundance of the J and the P proteins. The J protein appears to be about 10 times more abundant than the P protein; thus only a small fraction of the J molecules could interact directly at any one time with the P protein. Therefore, we assume that this interaction is temporary, and that J molecules interact with P molecules in turn, because we have no evidence of the existence of two different classes of J protein molecules. The "free" J molecules (90% of the total) might act to facilitate diffusion of histidine through the periplasmic space in a manner similar to that postulated for oxygen transport by myoglobin (28) . If the 200 molecules per cell of P protein formed pores by assembling as dimers, there would be 100 pores per cell. If we assume a pore to be 5 nm in diameter and if we take 6,um2 as the surface area of a cell (16), we can calculate that about 0.06% of the surface might be occupied by such pores. From the known rate of uptake of histidine, approximately 0.01% of the cell surface must be available as pores if a diffusion step were involved. This number is of the same order of magnitude (which is all we can expect considering the assumptions made) as the one calculated above from the number of P molecules. Therefore, we can tentatively assume that the amount of P protein is sufficient to allow a pore model to function.
